Abstract. In the paper, a new phenomenological interpretation of some of the principal temporal effects of high-rate plastic deformation of metals from a united viewpoint is represented. A comparative analysis of some of the well-known dynamic plastic deformation models is given. Influence of strain rate on the stress-strain relation in a wide range of strain rates for different types of aluminum alloys and steels is described by the relaxation model of plasticity, by original and improved empirical Johnson-Cook models, and by the phenomenological Rusinek-Klepaczko model. It is shown that the structural-time model ("the relaxation model of plasticity") is capable to effectively predict a wide spectrum of materials responses to fast and slow dynamic loading.
INTRODUCTION
Design of an efficient tool for calculations of stressstrain relationships in a wide range of strain rate is relevant for the development of engineering applications. Stress-strain relationships for metals under dynamic loading depend on the loading history. The simultaneous growth of the yield point and of the whole stress-strain curve after the beginning of yielding is typical evidence of the temporal nature of plastic deformation. However, experiments on soft steels [1] [2] [3] [4] [5] [6] in a wide range of strain rates exhibit another temporal effect, known as a yield drop phenomenon. Often, the anomalous increase of the peak stress accompanied by a subsequent drop of stresses is ignored by many of existing models of dynamic plasticity. This is probably due to the fact that we obtain the same dependencies of yield stress on strain rate for each of temporal effect. It is necessary to develop approaches that would allow one to consider both temporal effects of strain rate sensitivity of the materials.
One of the most used approaches in computational fracture mechanics is an approach based on the Johnson-Cook model [11] . There are many extended models [7] [8] [9] [10] developing Johnson-Cook model [11] in which better correspondence with experimental dependencies of the yield stress on strain rate than in previous improved models [12] [13] [14] [15] [16] [17] is ensured by the use of the new empirical parameters. Some empirical parameters are the parameters principally associated with the specific strain rate. Thus, talking about independence of empirical parameters on strain rate is a big deal of the problem. The lack of physical meaning of empirical parameters leads to a limitation of the application of the model to the widest spectrum of materials responses to fast and slow dynamic loading.
The processes of plastic deformation are described by different phenomenological models [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] , which were developed for separate description of thermal and rate effects in metals. On a par with empirical dynamic plasticity models, rate effect, strain hardening and temperature sensitivity are si-multaneously considered in the Rusinek-Klepaczko model [18, 19] . Main advantages of the RusinekKlepaczko model and other constitutive models [30] [31] [32] in comparison with empirical models are better correspondence with experimental results and a possibility of physical interpretation of effects observed in the yielding process. However, the main problem of all above mentioned models is the use of a large number of parameters that should be empirically determined.
In this paper, we consider the integral criterion of yielding based on the incubation time concept [33] [34] [35] [36] [37] as an approach to the yield strength value prediction at fixed strain rates, as well as more complex conditions of loading. The structural-temporal approach [38] was firstly proposed in fracture dynamics [39] and turned out to be a very effective tool to describe the temporal effects of crack growth initiation [40, 41] . Generalization of the main idea of the incubation time concept for the case of plastic deformation phenomenon consists in consideration of the shear stress relaxation as a temporal process related to the defects motion [42, 43] . The relaxation itself can be realized by various physical mechanisms depending on particular material. In frames of the incubation time approach we do not describe the relaxation mechanism explicitly, but do only the statement that it requires some characteristic time arising from the fact of the micro defects motion. In previous studies [42, 43] the relaxation model as a continuation of the structural-temporal approach to plasticity was formulated. The corresponding relaxation model of plasticity has three parameters; the first two of parameters are characteristic time and material sensitivity to the amplitude of local stress, the third one is the hardening parameter. Using these parameters, one can predict various stress-strain relationships for one material in a wide range of strain rates. So, the relaxation model of plasticity is proven to be an explanation of the dynamic effects of plasticity, for example appearance and disappearance of the yield drop phenomenon at strain rates 10 . Here we compare some of the well-known dynamic plastic deformation models by prediction of temporal effects of yielding process. We will give expressions for some of the parameters of empirical models and of the extended Rusinek-Klepaczko model through characteristics of the relaxation model of plasticity. Strain rate dependencies of yield stresses for DP 1200 steel, DP 1400 steel and 6082-T6 aluminium alloys by the incubation time criterion, the Cowper-Symonds model and the JohnsonCook model are analyzed. Stress-strain dependencies in a wide range of strain rate for AA 7075 T6, AA 2519A aluminium alloys and B500A, AISI 4340, TRIP800, 2.3Ni-Cr, 590 MPa grade steels will be predicted by our phenomenological model, by existing original and improved empirical models (the Johnson-Cook model, the Zerilli-Armstrong model, the Khan-Huang-Liang model) and by another the extended phenomenological model by RusinekKlepaczko. Main issues of existing dynamic plasticity models in simultaneous prediction of monotonic growth of yield stress and yield drop effect at small strain will be discussed. It will be shown that parameters of original and modified empirical models and the Rusinek-Klepaczko model are not invariant to the loading history.
INCUBATION TIME CRITERION OF YIELDING
To model temporal effects of plastic deformation of the materials, we consider a structural-temporal approach based on the idea of material incubation time. Yield condition in the material for an arbitrary pulse of loading by the structural-temporal approach or the incubation time criterion of yielding (IT criterion) [33, 34, 37] is determined by the inequality:
where, (t) is a function describing the time dependence of stress,  is the incubation time (or characteristic relaxation time),  y is the static yield stress,  is a parameter of amplitude sensitivity of the material. The time of the beginning of the macroscopic yield is defined as the moment at which the equality sign in Eq. (1) is attained. The introduced time parameter , independent of the specific features of deformation and sample geometry, makes it possible to predict the behaviour of the yield strength of materials under static and dynamic loads [33] . It was shown in the paper [43] that the incubation time can be related to different physical mechanisms of plastic deformation. It is assumed that the incubation time parameter can take different values depending on initial defective structures of the material. In other words, two samples, made of the same material by means of two different structures prior to the beginning of the plastic strain tests, are considered as samples made of two different materials. Thus, two independent parameters of the IT criterion of  and  characterize the rate (temporal) and amplitude sensitivity of the material, respectively. Let us formulate the simplest way of modeling of strain rate dependence of the yield stress based on the IT criterion (1) . Consider the linear elastic deformation law (t)=E   tH(t), where E is the Young's modulus and   is the constant strain rate under load, H(t) is the Heaviside step function. Having written the left-hand side of (1) under the condition that the yield starts at time t y , one can express the dynamic yield stress d=(t y ) in terms of the strain rate of material:
Substituting temperature dependence of static yield stress [44] and parameters of the IT criterion [36] , the strain rate dependence of yield stress in Eq. (2) as a function of temperature can be derived. As one can see, Eq. (2) gives a simple explicit description of rate dependence of the yield stress in a wide range of strain rates. Note that the behaviour of the particular material under different temperatures will be characterized by its own incubation time and amplitude sensitivity parameter. These characteristics of the IT criterion create a set of material parameters invariant to the strain rate. This fact of invariance of parameters of the IT criterion to loading history and physical mechanisms of plasticity would allow one to compare two materials in a wide range of strain rates including of slow (quasi-static) and fast loading. To establish a dominant range of strain rates, where the yield stress of one material is greater than that for another one, we analyze their characteristic times [36, 45] . The material with a bigger characteristic time may possess the greater yield strength at slow loading, whereas its yield stress at fast loading may decrease. This temporal effect, known as an inversion of yield strengths for two materials with different temperatures [36] or different of grain sizes [45] was observed in a wide range of strain rates and effectively predicted by the IT criterion.
DEFINITION OF YIELD POINT IN NUMERICAL MODELS
Let us consider strain rate dependencies of the yield stress following from the Cowper-Symonds model [46] and the Johnson-Cook model [29] and compare them with conclusions driven from the IT criterion. Simple empirical models [29, 46] of high-rate deformation metals were initially developed for the case of large deformations. One of the first empirical models in this field was the Cowper-Symonds model (CS model) [46] that can be written in the following form:
where B CS and q CS are two empirical parameters of Cowper-Symonds model. On the basis of the original Johnson-Cook model (JC model) [29] we write the dynamic yield stress as a Proposed power function of strain rate in Eq. (3) is often used in improved models of original Johnson-Cook model (JC model) [29] . On the other hand, according to the JC model, the equation for the dynamic yield stress can be defined as:
where A JC , B JC , n JC are parameters of the empirical hardening law; C JC ,   JC are parameters of rate dependence of yield stress; T, T 0 , T m , m T are parameters of temperature dependence of yield stress. In order to predict the dependence of yield stress on strain rate at fixed temperatures, both the CS model and the JC model require two material parameters.
Let us compare theoretical dependencies of the yield stress on strain rate, calculated by the CS model, the JC model and the IT criterion. Using experimental results of tension in split Hopkinson bar tests [47] of DP1200 steel ( y =1.1 GPa; E=210 GPa) and DP 1400 steel ( y =1.3 GPa; E=210 GPa) we examine efficiencies of the CS model and the IT criterion ( Figs. 1 and 2 ). Fitted in [47] parameters of the CS model and parameters of the IT criterion for steels are presented in Table 1 . Both models give a good correspondence with experimental data for steels in the range of strain rate 10 [48] , and theoretical dependencies of yield stress on strain rate are plotted in Fig. 2 . Table 2 shows parameters of the JC model, obtained in the paper [48] , and parameters of the IT criterion for Al alloy 6082-T6.
As shown in Fig. 3 , the JC model gives a satisfactory estimation of the yield point only up to a strain rate of the order of 10 4 s -1 . In an opposite case, the Comparative analysis of dynamic plasticity models IT criterion allows predicting values of the yield point for a whole range of strain rates 10 
One of two simple empirical parameters is associated only with the parameter of the amplitude sensitivity of the material (), and the other, with two parameters of the incubation time criterion (, ). Using this interpretation, one of the parameters of the CS model (B CS ) and of the JC model (C JC ) is a function of strain rate. Moreover, the parameter (C JC ) also depends on the strain rate (   JC ), which takes on different meanings (0.001 s -1 , 1 s -1 ) depending on the material as shown in Table 1 . Thus, parameters of empirical models reveal the dependence on strain rate. 
4.THE RELAXATION MODEL OF PLASTICITY
Many principal temporal effects of yielding influencing stress-strain relations with increase of the strain rate are taken into account by the incubation time concept. To construct the whole set of stress-strain curves in a wide range of strain rates, we proposed the generalized structural-temporal approach to plastic deformation, known as the relaxation model of plasticity (RP model) [42, 43] . Let us introduce a dimensionless relaxation function 0<(t)1, defined as follows 
Equality (t)=1 in (7) corresponds to the case of purely elastic deformation. Gradual decrease of the relaxation function in the range 0<(t)<1 describes a transition to the plastic deformation stage. During the plastic stage of deformation, tt y , the relaxation function satisfies the condition
The actual stress (t) in a deformed specimen is equal to (t)=E 1- (t)(t) where  is a scalar parameter (01) characterizing the level of hardening; case =0 corresponds to the plastic deformation without stain hardening. Considering the stages of elastic and plastic deformations separately, we can obtain from (8) the following stress-strain relation in the case of a linear growth of strain (t)=   tH(t) (the constant strain rate)
where we take into account that t=(t)/   . We see that the parameter  effects on the relaxation function (t). In initial formulation of the relaxation model of plasticity [42, 53] , acceptable region of the parameter  is from 0 to 1.
All parameters , ,  are invariant to loading history and only depend on structural transformations in the material. Assessments of these parameters allow predicting different types of stress-strain dependences for the same material in a wide range of strain rates.
In order to determine a dependence of stress on plastic strains (without elastic part of deformation) by the RP model, one can rewrite: 
where
It is interesting to analyze stress-strain relations in the range of strain rate 10 -3 -10 3 s -1 under dynamic and quasi-static loading in tensile [2, 5] and compression [54] experiments studying the yield drop phenomenon. Theoretical stress-strain dependencies, plotted in Figs. 4-6 steel (E=150 GPa,  y =510 MPa), 590 MPa grade steel (E=210 GPa,  y =280 MPa) gives a good correspondence with experimental data. The RP model parameters equal to =20, =70 s, =0.18 for 2.3 Ni-Cr steel, =2, =2.8 s, =0.13 for TRIP 800 steel, =2.5, =8.5 s, =0.17 for 590 MPa grade steel.
Stress-strain dependencies of all metals at quasistatic loading (   =0.001s -1 ) and dynamic stressstrain curves of 2.3 Ni-Cr steel with increase of strain rate (Fig. 4) have a smooth transition to the initial stage of plastic deformation. Anomalous effects of yield stresses greater than normal stress at small deformation and subsequent relaxation process for TRIP 800 steel (Fig. 5) and 590 MPa grade steel (Fig. 6) at strain rate more than 10 3 s -1 are observed. The RP model allows one predicting a wide spectrum of stress-strain relations in conditions of quasistatic and dynamic loading, which can be grouped into two types. The first type includes typical stressstrain relations where the yield stress changes proportionally with the whole deformation curve (Fig.  4) . Appearance and disappearance of the yield drop phenomenon, observed in Figs. 5 and 6 imply the other type of stress-strain curves.
TEMPORAL EFFECTS OF YIELDING
Dynamic effect of yield drop phenomenon at early stages of deformation, arising from the increase of strain rate, is a reflection of presence of typical relaxation processes, which in general can be represented by characteristic times. Note that in the case the yield drop, the yield process can be defined by two critical stresses called "high yield stress" and "low yield stress". Yield drop effect is crucial for the understanding of the dynamic nature of yielding. By the proposed the RP model, the peak stress or high yield stress defines the upper yield point. It is shown further that dynamic effect of yield drop arising from the increase of strain rate is not predicted by existing empirical models and the phenomenological Rusinek-Klepaczko model.
Modifications of the JC model
Empirical models of plastic deformation are not always capable to describe temporal effects of yielding in the material. Let us consider different extensions of the original the JC model (4). In the paper [55] , the modification of hardening part of the original JC model, known as the Liu-He-Chen-Tang model (LHCT model), can be written as: Fig.  7 . Both the JC model and the LHCT model produce theoretical monotonic increase of the yield point with strain rate on the initial stage of plastic deformation and demonstrate the absence of the yield drop that does not correspond to experimental data [55] . On the contrary the RP model gives proper yield drop effect.
In 
where C HK is the empirical parameter. Given the decisive contribution to the rate sensitivity this parameter, the parameter C HK can be defined through parameters of the IT criterion:
A good correspondence of dependencies of stress on plastic strain under static (0.001 s -1 ) and dynamic loading (1740 s -1 ) for entire compared models (the HK model, the JC model and the RP model) with experimental data AISI4340 steel [57] is observed in Fig. 8 . Both the HK model (Fig. 8b ) and the JC model (Fig. 8c) are identical behave before strain 5% in spite of use in the HK model of new parameters.
In the paper [49] , the Couque model [16] gives a good correspondence of strain rate dependence of yield stress for nickel unlike the JC model: 
FCC are empirical parameters of the Zerilli-Armstrong model for BCC and FCC metals; n 0 ,n 1 , C 3 ,C 4 ,C 5 ,C 6 are other empirical parameters.
Figs. 7 and 8 indicate that extended models based on the JC model cannot improve the prediction of stress-strain relationships with increasing strain rates. On the one hand, the IT criterion and the CS model require only two parameters for prediction the strain rate sensitivity of yield stress. On the other hand, more than two parameters are used in extended the HK model and the Couque model. Thus, a set of parameters in extended empirical models (Table 3) for description of dependence of yield stress on strain rate is often insufficient (for example, even seven parameters of the KHL model). Extended empirical models have many parameters (Table 3 ), but they do not provide one a unified point of view on predicting the temporal effects of plastic deformation. (Fig. 6) , the yield drop phenomenon at strain rate 1000 s -1 and monotonic transition from elastic to plastic deformation at 0.001 s -1 are observed. The JC model can predict only typical stress-strain relations where the yield stress can change while the relation keeps to being monotonic. However, the phenomenological RP model is explained and predicted the dynamic effects of plasticity using a fixed set of parameters.
6.CONCLUSIONS
Predictions of strain rate sensitivity of the material by different dynamic models of plastic deformation are reviewed. The CS model can yield results that coincide with the results of the proposed incubation time criterion when determining the yield strength as a function of the strain rate. The advantage of calculating the yield strength by the incubation time criterion is a limited set of material parameters that do not require further modifications in conditions of high strain rates. Besides empirical models based on the JC model and the phenomenological extended RK model we considered the relaxation model plasticity as a generalized model of plastic deformation based on the structural-temporal approach. It is shown that the relaxation model predicts the yield drop effect during the high-rate deformation of TRIP800 steel, 590 MPa grade steel and an ab- an effective damping coefficient affecting the dislocation motion [19] Parameter of model   min the lower limit of the model   max the maximum strain rate accepted for a particular material sence of such effect for a wide range of strain rates for the 2.3Ni-1.3Cr steel. The relaxation model gave better correspondence of stress-strain relations in conditions of high strain rates with experimental data compared to the improved JC models. This approach can describe the anomalous behaviour of plastic deformation, such as the yield drop. It is shown that improved JC model and RK model don't take into account yield drop phenomenon, observed in soft steels and 7075-T6 aluminium alloy. Thus, the relaxation model of plasticity is an efficient and convenient tool for calculations of some of the principal dynamic plasticity effects occurring within a wide range of strain rates.
